Background/Aims: Diabetic hearts exhibit intracellular lipid accumulation. This suggests that the degree of fatty acid oxidation (FAO) in these hearts is insufficient to handle the elevated lipid uptake. We previously showed that palmitate impaired the rate of FAO in primary rat neonatal cardiomyocytes. Here we were interested in characterizing the site of FAO impairment induced by palmitate since it may shed light on the metabolic dysfunction that leads to lipid accumulation in diabetic hearts. Methods: We measured fatty acid oxidation, acetyl-CoA oxidation, and carnitine palmitoyl transferase (Cpt1b) activity. We measured both forward and reverse aconitase activity, as well as NAD+ dependent isocitrate dehydrogenase activity. We also measured reactive oxygen species using the 2', 7'-Dichlorofluorescin Diacetate (DCFDA) assay. Finally we used thin layer chromatography to assess diacylglycerol (DAG) levels. Results: We found that palmitate significantly impaired mitochondrial β-oxidation as well as citric acid cycle flux, but not Cpt1b activity. Palmitate negatively affected net aconitase activity and isocitrate dehydrogenase activity. The impaired enzyme activities were not due to oxidative stress but may be due to DAG mediated PKC activation. Conclusion: This work demonstrates that palmitate, a highly abundant fatty acid in human diets, causes impaired β-oxidation and citric acid cycle flux in primary neonatal cardiomyocytes. This metabolic defect occurs prior to cell death suggesting that it is a cause, rather than a consequence of palmitate mediated lipotoxicity. This impaired mitochondrial metabolism can have important implications for metabolic diseases such as diabetes and obesity.
Introduction
Cardiac disease is the primary cause for morbidity and mortality in the diabetic population [1] . Since diabetes impairs glucose uptake and oxidation there is a compensatory increase in fatty acid uptake. This in turn leads to cardiac lipid accumulation and ensuing lipotoxicity. Several studies have pointed to the role of lipotoxicity in diabetic cardiomyopathy [2] [3] [4] [5] [6] [7] . Furthermore, several studies have shown a correlation between the degree of lipid accumulation and cardiac dysfunction in human diabetic hearts [8] [9] [10] [11] .
Lipids accumulate in the diabetic heart because uptake exceeds lipid clearance. Lipid clearance in the heart is primarily dependent on fatty acid oxidation (FAO). FAO begins by carnitine palmitoyl transferase (Cpt1b) mediated FA uptake into mitochondria. Once inside the mitochondrion fatty acids are oxidized by the progressive removal of 2 carbons with each cycle of β-oxidation. The resultant 2-carbon acetyl-CoA is fed into the citric acid cycle (CAC) where it is oxidized to CO 2 with the consequent production of reducing equivalents, including NADH and FADH 2 . The reducing equivalents are then fed into the electron transport chain (ETC), which drives oxidative phosphorylation.
Some models of diabetic cardiomyopathy including leptin or leptin receptor deficient mice have shown that β-oxidation is actually increased in the diabetic heart [12, 13] . However studies in other models show either no change [14, 15] or decreased oxidation [16, 17] . These discrepancies might be explained by differences in species, concentration of fatty acid used to measure oxidation, and/or animal age. For instance, two studies evaluating diabetic humans as well as a study of a porcine model of diabetes all showed decreased FAO with diabetes [18] [19] [20] , possibly indicating a difference between rodents and higher order mammalians. Another study showed that diabetic rat hearts exhibited significantly enhanced FAO at low concentrations of FA, but FAO was significantly depressed at high concentrations [21] . This is important because serum FA levels are generally higher in diabetics. Finally, age and associated pathological sequelae may be an important determinant of FAO in diabetics as older diabetic rats exhibited significant reductions in FAO compared to both age matched controls and younger diabetic rats [22] . Another potentially limiting factor is that many of these studies only measured β-oxidation, which is merely the first half of FAO and does not take into consideration downstream steps including acetyl-CoA oxidation in the CAC nor the components of the electron transport chain (ETC). Thus it is interesting that several studies show impaired mitochondrial function in the heart of diabetic humans and animals as evidenced by decreased fatty acid driven respiration [20, [23] [24] [25] [26] [27] . These latter studies implicate potential deficiencies in either events upstream of β-oxidation, such as mitochondrial uptake (i.e. Cpt1b activity) or downstream events including citric acid cycle flux or the electron transport chain. In support of the notion that diabetes causes metabolic derangements downstream of β-oxidation, Lin et al. found an impairment in net aconitase enzyme activity in the diabetic rat heart [28] . Aconitase is a key CAC enzyme responsible for the conversion of citrate to isocitrate.
It should be noted that an increase in β-oxidation without a concomitant increase in citric acid cycle flux would nonetheless compromise metabolism of the heart by impairing energy production and/or by providing a surplus of substrates for re-synthesis of fatty acids. Regardless of whether or not fatty acid oxidation is increased in diabetic hearts, the fact remains that diabetic hearts accumulate lipid suggesting that the degree of FAO, whatever it may be, is not sufficient in the face of elevated FA uptake. This leads to the question as to whether increasing FAO would attenuate lipotoxicity in diabetic cardiomyopathy.
Interestingly, we have shown that increasing fatty acid oxidation is associated with attenuated lipotoxicity in primary cardiomyocytes [29] . Specifically we previously showed that palmitate, a lipotoxic FA, impaired fatty acid oxidation in primary rat neonatal cardiomyocytes (NCMs) and that enhancing fatty acid oxidation attenuated palmitatemediated lipotoxicity. In contrast, we also demonstrated that impairing fatty acid oxidation induced lipotoxicity. Here we aimed to determine how palmitate impairs FAO in primary cardiomyocytes. We found that palmitate impairs both β-oxidation and citric acid cycle flux, but not the uptake of FA into mitochondria.
Materials and Methods

Rat neonatal cardiomyocytes (NCM) culture
NCMs were isolated from hearts of 1-day-old rats. Hearts were isolated and tissue was washed several times in digestion buffer containing 137 mM NaCl, 5.36 mM KCl, 0.81mM MgSO 4 , 5.55 mM dextrose, 0.44 mM KH 2 PO 4 , 0.34 mM Na 2 HPO 4 , 20 mM HEPES, and 50 μg/ml gentamicin. Tissue was then incubated in digestion buffer with collagenase (50units/ml). Cells in suspension resulting from the tissue digestion were transferred to ice cold FBS every 10-20 min. This step was repeated until all tissue was digested. Cells in FBS were pelleted and then re-suspended in DMEM containing 10% FBS. Cells were plated in petri dish for 1h at 37˚C to allow fibroblasts to adhere. The non-adherent cardiomyocytes were then plated at a density of ~40,000 cells/cm 2 . NCMs were cultured in DMEM/F12 + 2% FBS + 100 µM bromodeoxyuridine for a minimum of 7 days prior to treatments to allow for maturation and the switch from primarily glucose oxidation to primarily fatty acid oxidation.
Fatty acid preparation
Oleate (Sigma, O7501) was solubilized in anhydrous methanol while palmitate (Sigma, P9767) was solubilized in 150 mM NaCl by heating to 70˚C. Both fatty acids were then complexed to bovine serum albumin (BSA) in a 6:1 ratio as previously described [29] .
Fatty acid oxidation (FAO) assay
Cells were pretreated with 300 µM oleate or 300 µM palmitate for 8 h. Media was removed and cells were washed 2 times with warm PBS. Radiolabelled oleate (American Radio-chemicals, ARC 0297) or palmitate (American Radio-chemicals, ARC 0172A) were solubilized in non-bicarbonate assay buffer (114 mM of NaCl, 4.7 mM of KCl, 1.2 mM of KH 2 PO 4 , 1.2 mM of MgSO 4 , 0.5% fatty acid free BSA) and cells were incubated with 0.4µCi of 14 C-oleic acid or 14 C-palmitic acid for 2 hours. To determine CO 2 production 6N HCl was added to cell media and CO 2 was captured by a filter paper soaked in 2M NaOH. The filter paper was then added to a scintillation vial with scintillation fluid and radioactivity was read with the Beckman LS6500 scintillation counter.
To obtain acid soluble metabolites (ASM) cardiomyocytes were collected by trypsinization and resuspended in 1M perchloric acid and then homogenized using 25G gauge needle. Samples were centrifuged at 17,000g and the supernatant was added to scintillation fluid and counted using Beckman LS6500 scintillation counter.
To obtain water soluble metabolites (WSM), cardiomyocytes were re-suspended in 250M sucrose/ 50M tris buffer and homogenized with 25G gauge needle. Water saturated butanol was added to each sample and butanol/water phases were separated by centrifugation at 1000g for 5 min. The water phase was added to scintillation fluid and counted using Beckman LS6500 scintillation counter. The radioactivity from samples was normalized to radioactivity of loading control for each radiolabelled fatty acid (i.e. 
Acetyl-CoA oxidation assay
This assay was done identically to the fatty acid oxidation assay described above except cells were exposed to 14 C-Acetate for 1 hour (American Radio-chemicals, ARC0101) instead of radiolabelled fatty acids. Radioactivity from samples was normalized to radioactivity of loading control and to protein concentration. Data are expressed as picomols/µg protein/min.
Aconitase activity assay
Aconitase reverse activity was measured by quantifying the synthesis rate of cis-aconitate (Abcam, ab109712). Briefly, crude mitochondria were isolated from cardiomyocytes using buffer containing 10 µM tris-Mops, 1 µM EGTA/tris and 200 µM sucrose. 50 µg of crude mitochondria were re-suspended in aconitase preservation buffer with isocitrate. Cis-aconitate level was measured by reading the absorbance at 240 nm for 30 min at 37˚C. Aconitase forward activity was carried out identically however citrate was used as substrate in place of isocitrate. Data are presented as change (∆) in absorbance from baseline to the end of the experiment.
Isocitrate dehydrogenase (IDH) activity assay IDH activity was measured (Abcam, ab102528). Briefly, cardiomyocytes were treated with oleate or palmitate for 8 h then isolated by trypsinization. Cells were re-suspended in supplied buffer containing NAD+ and NADH formation was determined by measuring the absorbance at 450 nm for 30 minutes at 37˚C. Data are presented as change (∆) in absorbance from baseline to the end of the experiment. Carnitine palmitoyl transferase (Cpt1b) activity assay Cpt1b activity assay was carried out as previously described [30] . Briefly, cardiomyocytes were treated with 300 uM palmitate or 300 uM oleate for 8 h followed by [1-C 14 ] Carnitine for 30min. Radiolabeled acylcarnitine was separated from radiolabeled carnitine using butanol-water phase separation. Acyl-carnitine levels, indicating cpt1b activity, were measured by a scintillation counter (Beckman LS6500). Specifically, organic phase radioactivity was normalized to loading control radioactivity and protein concentration and expressed as picomol/µg protein /min.
2', 7'-Dichlorofluorescin Diacetate (DCFDA) assay
The DCFDA assay was carried out as previously described with slight modifications [31] . Briefly, cardiomyocytes were treated with oleate or palmitate for 8 h and then cells were washed twice with KrebsRinger HEPES buffer then incubated with 10 µM DCFH-DA. Fluorescence was read (485 nm excitation and 530 nm emission) for 30 min at 37˚C using the Synergy2 microplate reader. Data are presented as change (∆) in fluorescence from baseline to the end of the experiment.
Thin Layer Chromatography (TLC)
Lipid samples were isolated by the Bligh and Dyer method then spotted on a silica gel plate. The silica plate was then placed in a TLC tank allowing the lipids to migrate with the mobile phase by capillary action. The TLC tank was equilibrated with 150ml of 75:75:1.5 Chloroform: DiethylEther: Acetic acid. Lipid spots were then visualized on silica plate by rhodamine labeling. Mono-, Di-, & Triglyceride Mix (Sigma, 1787-1AMP) was used as standard.
Western blotting
Western blotting was carried out as previously described, [29, 32] with the anti-IDH3a antibody (1/200 dil. Santa Cruz biotechnology, SC-514358), 4-HNE antibody (1/1000, Abcam, ab46545) Histone H3 antibody (Santa Cruz biotechnology, SC-10809), and the α-tubulin (Santa Cruz biotechnology, SC-23948).
Fatty acid uptake assay
Cardiomyocytes were pre-treated with either 300 µM oleate or palmitate for 8 hours. Following this cardiomyocytes were exposed to 0.5UCi/ml of radiolabeled oleate or palmitate (in a buffer containing 114 mM of NaCl, 4.7 mM of KCl, 1.2 mM of KH 2 PO 4 , 1.2 mM of MgSO 4 ) for 15 min. Cells were then washed twice in ice-cold PBS and then isolated by trypsinization. Uptake of radiolabelled fatty acids was measured by scintillation counter (Beckman LS6500) and normalized to protein abundance.
Statistical analysis
All data are presented as mean ± standard error. Statistics were carried out with StatGrapher software. Students T-test was used for two-group comparisons. Multiple groups were compared using one-way ANOVA with Tukey post-hoc test. Data involving multiple groups and multiple conditions (e.g. TLC analysis) were analysed by two-way ANOVA with Tukey post-hoc test.
Results
Palmitate impairs complete FAO but not Cpt1b activity
Here we demonstrated that an 8-hour treatment of 300 µM palmitate impaired complete FAO in primary neonatal cardiomyocytes (NCMs) compared to cells treated with an equivalent time and dose of oleate (Fig. 1A) . Specifically, NCMs treated with palmitate had a marked decrease in CO 2 production compared to oleate treated cells. A similar degree of impairment was observed in cells treated with palmitate + carnitine compared to cells treated with oleate + carnitine (Fig. 1B) . To verify that the difference was not due to altered uptake rates between cells pre-treated with oleate compared to those pre-treated with palmitate, we evaluated uptake rates of radiolabelled oleate or palmitate following 8 hour pre-treatment of either 300 µM oleate or 300 µM palmitate, respectively. We found no difference in uptake rates between the two different pre-treatments (Fig. 1D) .
We previously showed that Cpt1b protein content was not altered under these conditions [33] . Therefore, here we assessed if palmitate decreased Cpt1b activity rather than expression. We evaluated Cpt1b activity by measuring the production of acyl-carnitines in NCMs pre-treated with either oleate or palmitate. We found that Cpt1b activity was not altered by palmitate (Fig. 1C) . This is supported by the observation that co-administration of carnitine increases FAO to the same degree in either oleate or palmitate treated cells (i.e. both ~2 fold over basal levels of each respective fatty acid without carnitine, data not shown). This suggests that palmitate mediated impairment of FAO occurs downstream of Cpt1b.
Similar results were found in H9C2 cardiomyoblasts. Indeed, palmitate significantly reduced CO 2 production but did not have any effect on Cpt1b activity (data not shown).
Palmitate impairs β-oxidation
To test the effect of palmitate on β-oxidation we quantified acid soluble metabolites (ASM), an established technique for assessing the degree of β-oxidation by quantifying the production of fatty acid metabolites with 6 or less carbons. Because the radiolabelled fatty acid contains the label on the first carbon, measured ASM metabolites should represent acetyl-CoA produced by β-oxidation of fatty acids and/or intermediates of the citric acid cycle derived from said acetyl-CoA. We found that pre-treatment with palmitate led to a small non-significant decrease in ASM production compared to cells pre-treated with oleate (data not shown) suggesting that β-oxidation may be impaired by palmitate. However, we found that etomoxir only partially prevented radioactivity in ASM samples. Indeed, ASM samples from cells treated with etomoxir only had a ~2 fold reduction in radioactivity (data not shown). In contrast, etomoxir nearly abolished the production of radioactive CO 2 (~10 fold decrease, data not shown). Because etomoxir is an inhibitor of Cpt1b, it prevents fatty acids from entering mitochondria and thus prevents mitochondrial β-oxidation. Therefore, the presence of high radioactivity in the ASM samples from cells treated with etomoxir suggests that oleate and palmitate are being oxidized to a significant degree in peroxisomes or alternatively, that full-length fatty acids are partially soluble in 1 M perchloric acid. This data implies that in our hands, ASM analysis is not entirely specific for mitochondrial β-oxidation.
Therefore we established a novel technique in which we measured water-soluble metabolites by separating full-length fatty acids in an organic phase while measuring watersoluble metabolites (WSMs) in the aqueous phase. WSMs include acetyl-CoA produced by β-oxidation of fatty acids as well as any of the downstream citric acid cycle intermediates derived from the latter acetyl-CoA. We were able to nearly abolish radioactivity in WSM samples from cells treated with etomoxir suggesting that this technique is much more specific for measuring mitochondrial β-oxidation (data not shown). Interestingly, we found that treating NCMs with 300 µM palmitate for 8 hours led to a significant decrease in WSMs compared to NCMs treated with 300 µM oleate for the same time ( Fig. 2A) , suggesting that palmitate impairs β-oxidation in NCMs. Co-administration of carnitine did not rescue the palmitate mediated decrease in WSM production (Fig. 2B) . Similar results were found in H9C2 cardiomyoblasts. Indeed, palmitate significantly reduced WSM production in H9C2s (data not shown).
Palmitate impairs citric acid cycle flux
To assess if palmitate had any effect on the citric acid cycle (CAC) we measured the rate of acetyl-CoA oxidation. Acetyl-CoA is oxidized by the citric acid cycle which is downstream of, and thus independent of β-oxidation. Therefore acetyl-CoA oxidation is a measure of citric acid cycle flux. Interestingly, we found a significant decrease in acetyl-CoA oxidation in 300µM palmitate treated NCMs compared to NCMs treated with 300 µM oleate (Fig. 3A) suggesting that palmitate also impairs citric acid cycle flux.
Aconitase is a key proximal CAC enzyme that has been previously shown to be differentially regulated in diabetic hearts [28] , therefore we were interested in evaluating if palmitate had any effect on this enzyme. Aconitase catalyzes the conversion of citrate to isocitrate through the intermediate formation of aconitate. We measured both forward activity (citrate to aconitate) and reverse activity (isocitrate to aconitate) in NCMs treated with either oleate or palmitate for 8 hours. We found that there was no significant difference in forward activity between oleate and palmitate treated NCMs (Fig. 3B) . In contrast, palmitate led to a significantly enhanced reverse activity (Fig. 3C ). This increased reverse activity consequently causes a net decrease in isocitrate levels thus contributing to decreased CAC flux.
Next we evaluated IDH activity because it is widely considered the rate-limiting step of the CAC [34] . We found that there was a significant decrease in IDH activity in palmitate treated NCMs compared to oleate treated NCMs (Fig. 3D) . To determine if the attenuated IDH activity was due to decreased protein levels, we performed a western blot to assess levels of IDH3, the mitochondrial isoform. Not surprisingly considering the short exposure time of palmitate (i.e. 8 hours), there was no decrease in IDH protein levels in palmitate treated NCMs compared to oleate treated NCMs (Fig. 3E) . Therefore this indicates that palmitate negatively regulates IDH activity but not expression. dye DCFDA [31] . Interestingly we found that pre-treatment with either oleate or palmitate caused significant increases in ROS generation compared to control cells treated with BSA alone (Fig. 4A) . To evaluate if this increased degree of ROS generation translated into oxidative stress we evaluated the degree of 4-Hydroxynonenal (4-HNE) protein adduct formation in cells treated with either BSA, oleate or palmitate. Interestingly there was no increase in 4-HNE protein adducts in either oleate or palmitate treated cells (Fig. 4B) , indicating that the observed increase in ROS generation was not sufficient to overcome the cells' endogenous antioxidant system and suggests that this increase in ROS is not the cause of palmitate mediated FAO impairment.
Palmitate causes the accumulation of sn1,2 Diacylglycerol (1,2 DAG)
Here we showed that aconitase is differentially regulated in the same manner as observed in diabetic hearts by Lin et al. [28] . That is, they found that aconitase exhibited significantly enhanced reverse activity without a difference in forward activity just as we have reported here for palmitate treated NCMs. In that study they attributed this differential regulation to PKC-β mediated phosphorylation of aconitase. Because PKC is a conventional isoform, which is activated by DAG, we were interested in assessing if palmitate induced an increase in intracellular DAG compared to BSA (control) or oleate treated NCMs. Interestingly, we found that palmitate exhibited significantly more 1,2 DAG than BSA and oleate treated NCMs (Fig. 5A-B) . On the other hand both oleate and palmitate induced an increase in 1, 3 DAG compared to BSA control cells.
Together this data shows that palmitate significantly impairs both β-oxidation and the citric acid cycle, but does not affect Cpt1b activity. This has important implications for diabetic cardiomyopathy because impairment in FAO can lead to lipid accumulation and lipotoxicity.
Discussion
We previously demonstrated that palmitate lipotoxicity in cardiomyocytes was associated with impaired FAO and that enhancing FAO decreased lipotoxicity [33] . In addition, we also previously showed that inhibiting FAO by blocking Cpt1b either pharmacologically or genetically caused oleate, which is normally non-toxic, to induce cell death. This latter work suggests that impaired FAO can contribute to lipotoxicity likely by promoting the accumulation of toxic lipid intermediates. This led us to investigate which steps of FAO palmitate impairs. Here we showed that palmitate significantly impaired β-oxidation and citric acid cycle flux, with no effects on Cpt1 activity. Cpt1b catalyzes the rate-limiting step in FAO. As such it is a key site for regulation of FAO. However, we found that Cpt1b activity was not different between oleate and palmitate treated NCMs suggesting that this is not the site of palmitate induced impairment. In support of this, we found that addition of carnitine increased oleate and palmitate oxidation to equivalent degrees (i.e. both were induced ~2 fold compared to basal levels of each respective fatty acid without carnitine).
Since Cpt1b activity was not affected by palmitate, we next evaluated the degree of β-oxidation in NCMs treated with either oleate or palmitate. To this end we measured the abundance of acid soluble metabolites in cells treated with oleate and palmitate (as described in methods). We found a small reduction in ASM levels from NCMs treated with palmitate compared to those treated with oleate. However, as described in the results above, we found that ASM analysis may not be entirely specific for mitochondrial β-oxidation. To overcome this limitation we adapted the protocol used for Cpt1b activity assay in which free carnitine is separated from acylated carnitine through the use of organic/aqueous phase separation. By separating cell components into an aqueous phase and an organic phase we can separate full length fatty acids in the organic phase from acetyl-CoA and other water soluble metabolites (such as intermediates of the citric acid cycle) in the aqueous phase.
Indeed this assay appears to be more specific for mitochondrial β-oxidation since we nearly abolish the production of WSMs in NCMs treated with oleate + etomoxir. Through the WSM analysis we were able to confirm a significant decrease in β-oxidation in NCMs treated with palmitate compared to those treated with oleate. This has important implications for lipotoxicity of the heart. Indeed we have previously demonstrated that impairing FAO causes toxicity in NCMs treated with non-toxic oleate. Therefore inhibition of β-oxidation may be an important cause for palmitate-mediated lipotoxicity.
The mechanism of palmitate-mediated inhibition of β-oxidation is currently unknown but may be related to palmitate mediated post-translational modifications (PTMs). Indeed fatty acids have been shown to induce PTMs in mitochondrial proteins [39] . These PTMs include phosphorylations, acetylations and palmitoylations [28, 40, 41] . Currently there is a strong debate as to whether post-translational acetylation increases or decreases β-oxidation enzyme activity. Indeed studies have shown that acetylation decreased LCAD activity and that Sirt3, a deacetylase could restore function [42, 43] . On the other hand β-hydroxyacyl CoA dehydrogenase (HADH) has been shown to be activated with acetylation [44] . Which enzymes are post-translationally modified and what types of PTMs are regulating these enzymes will be the focus of future studies.
Next we assessed citric acid cycle flux in NCMs by measuring oxidation of acetylCoA. Interestingly, we found that palmitate significantly impaired oxidation of acetylCoA compared to oleate. Because acetyl-CoA is the product of β-oxidation, its oxidation is dependent only on citric acid cycle activity and not mitochondrial β-oxidation activity. Therefore this indicates that palmitate also inhibits the citric acid cycle. The citric acid cycle is a central hub for cellular metabolism. Indeed it is responsible for oxidation of acetylCoA not only from FAs but also from glucose derived pyruvate. The reducing equivalents produced through the latter oxidation of acetyl-CoA are necessary to maintain mitochondrial membrane potential and therefore drive oxidative phosphorylation. Also it is an important source of substrates for a variety of biosynthetic pathways. Therefore any impairment in this cycle can have profound effects on cellular metabolism. Interestingly, we found that reverse aconitase activity was significantly enhanced while forward activity was unchanged in NCMs treated with palmitate compared to those treated with oleate. The increase in reverse activity (i.e. production of aconitate from isocitrate) reduces the isocitrate levels necessary for the downstream isocitrate dehydrogenase (IDH). This reduction in substrate for IDH thus can reduce CAC flux leading to decreased oxidation of acetyl-CoA and decreased reducing equivalents. This not only impairs energy production by decreasing NADH levels necessary for ETC activity and oxidative phosphorylation but also potentially results in increased levels of substrates for de novo fatty acid synthesis.
The finding of palmitate induced increase in reverse aconitase activity with unchanged forward activity is actually very relevant to in vivo diabetic cardiomyopathy. Indeed Lin et al. [28] actually found the same phenomenon in hearts of diabetic rats. Indeed they found that diabetic rats exhibited significantly increased reverse aconitase activity with normal forward activity and that this was due to PKC-β mediated phosphorylation of aconitase. PKC-β is a conventional PKC isoform which is activated by diacylglycerol (DAG). Therefore we evaluated if palmitate induced an increase in DAG compared to oleate. Interestingly, we found that palmitate resulted in significantly less TAG but significantly more DAG than oleate in NCMs. Moreover we found that the real difference was in the levels of the sn1,2 DAG isomer and not the sn1,3 DAG isomer. This is of utmost importance because previous studies have shown that it is the 1,2 and not the 1,3 DAG isomer that is responsible for PKC activation [45] . Together this data shows that CAC flux is impaired by palmitate at least in part by a net decrease in aconitase mediated isocitrate production and that this may be occurring through PKC mediated phosphorylation of aconitase.
Next we assessed if isocitrate dehydrogenase activity was affected by palmitate. Interestingly we found that palmitate significantly attenuated IDH activity as well. Importantly, the decrease in IDH activity in palmitate treated cells was independent of the altered aconitase activity because the IDH activity assay measured the formation of α-ketoglutarate from supplied, not endogenous, isocitrate. To verify that this was not due to targeted protein degradation, we assessed IDH protein levels. Not surprisingly, considering the short 8-hour incubation time, we found no difference in protein levels. Reduced IDH activity has a major impact on CAC flux as it catalyzes an irreversible reaction producing both CO 2 and NADH. The mechanism of IDH inhibition by palmitate is currently unknown.
Oxidative stress is a major contributing factor to diabetic cardiomyopathy and several studies have shown that oxidative stress is deleterious to mitochondrial enzyme function [35] [36] [37] [38] . Therefore we assessed ROS generation using the DCFDA assay and oxidative stress by determination of 4-HNE immunoreactivity. 4-HNE immunoreactivity is a marker for oxidative stress because lipid peroxidation by ROS leads to increased levels of 4-HNE adducts on cellular proteins [46] . Interestingly we found that palmitate significantly increased ROS generation. However, this is unlikely the cause of IDH inhibition for 2 reasons. Firstly, the degree of ROS generation was equivalent to oleate induced ROS generation. Since IDH activity was decreased in palmitate compared to oleate treated NCMs yet both oleate and palmitate induced ROS generation to similar degrees, it is unlikely that this as a cause for inhibition. Secondly we found no evidence of oxidative stress in oleate or palmitate treated cells (as determined by 4-HNE immunoreactivity) compared to control (BSA treated) cells indicating that the elevated ROS observed did not overwhelm the cells endogenous antioxidant potential. This is supported by a previous study which showed that palmitate mediated cell death was not due to ROS [47] . Together this data demonstrates that palmitate attenuates both β-oxidation and citric acid cycle flux likely in part through DAG mediated PKC activation. The fact that palmitate is one of the most abundant fatty acids in human diets suggests that this may be a contributing factor to the lipotoxicity observed in diabetic cardiomyopathy.
